Abstract Several Mesorhizobium species are able to induce effective nodules in chickpea, one of the most important legumes worldwide. Our aims were to examine the biogeography of chickpea rhizobia, to search for a predominant species, and to identify the most efficient microsymbiont, considering Portugal as a case study. One hundred and ten isolates were obtained from continental Portugal and Madeira Island. The 16S ribosomal RNA gene phylogeny revealed that isolates are highly diverse, grouping with most Mesorhizobium type strains, in four main clusters (A-D). Interestingly, only 33% of the isolates grouped with Mesorhizobium ciceri (cluster B) or Mesorhizobium mediterraneum (cluster D), the formerly described specific chickpea microsymbionts. Most isolates belong to cluster A, showing higher sequence similarity with Mesorhizobium huakuii and Mesorhizobium amorphae. The association found between the province of origin and species cluster of the isolates suggests biogeography patterns: most isolates from the north, center, and south belong to clusters B, A, and D, respectively. Most of the highly efficient isolates (symbiotic effectiveness >75%) belong to cluster B. A correlation was found between species cluster and origin soil pH of the isolates, suggesting that pH is a key environmental factor, which influences the species geographic distribution. To our knowledge, this is one of the few surveys on chickpea rhizobia and the first systematic assessment of indigenous rhizobia in Portugal.
Introduction
Legumes are able to establish nitrogen-fixing symbioses with bacterial microsymbionts (rhizobia), thus reducing the need for chemical fertilizers. This association further provides a nitrogen supplement for the subsequent crops [1] .
Chickpea (Cicer arietinum L.) is the third most important legume crop worldwide, after dry bean and pea [2] . This legume has been used as an alternative crop to cereals under dry land conditions, namely in Portugal [3] . The symbiotic relationship between rhizobia and chickpea has not been extensively analyzed, and there are few studies addressing the genetic diversity of chickpea rhizobia [4] [5] [6] [7] . In south Portugal, native chickpea rhizobia from an agricultural region have been studied [8] [9] [10] [11] [12] .
Rhizobia that nodulate chickpea were described for the first time by Cadahía and colleagues [13] . Later, Jarvis and coworkers [14] included them in the genus Mesorhizobium. Two species were first identified as specific chickpea microsymbionts: Mesorhizobium ciceri [15] and Mesorhizobium mediterraneum [16] .
The promiscuity of a given legume is related to the number of Nod factors it can interact with, rather than the diversity of rhizobia, which are able to nodulate such legume [17] . Chickpea has been considered a narrow-host range legume [18] , mainly because it cannot be nodulated by broad-host range rhizobia, such as Rhizobium sp. NGR 234 [19] . Nevertheless, recent studies have shown that chickpea is able to establish symbioses with several species of Mesorhizobium, namely Mesorhizobium amorphae, Mesorhizobium loti, and Mesorhizobium tianshanense; however, these carry symbiosis genes (nodC and nifH) identical to those carried by M. ciceri and M. mediterraneum, which may lead to the production of similar Nod factors [12, 20, 21] . Similar results have been reported for Mesorhizobium species that nodulate Anagyris latifolia [22] and Bradyrhizobium species nodulating Lupinus spp. and Ornithopus spp. [23] . On the other hand, legumes such as Phaseolus vulgaris are non-selective hosts for nodulation [24] .
Bacterial phylogeny has relied on the sequence analysis of single core genes, such as 16S ribosomal RNA (rRNA) gene [25] , dnaJ [26] , atpD, and recA [27] , among others. However, several studies have shown that single-gene trees may not adequately reflect phylogenetic relationships, so multilocus approaches have been proposed for species identification [28] [29] [30] [31] . Still, in the last decade, analysis of the 16S rRNA gene has been, by far, the most widely used approach to define molecular phylogeny and taxonomy of bacteria [32, 33] . The 16S rRNA gene is the only sequence available for most bacterial species, including type strains. Thus, the 16S rRNA gene is a useful tool for placing any new isolate among its closer taxonomic relatives.
Our aims were to examine the biogeography of rhizobia able to nodulate chickpea, to investigate the presence of a predominant chickpea rhizobia species, and to identify the most efficient species in the symbiosis, considering Portugal as a case study. A survey on chickpea rhizobia was carried out in continental and insular Portugal. Genetic diversity of native isolates was examined through molecular phylogeny based on 16S rRNA gene sequences and by plasmid profiles analysis. Symbiotic effectiveness of chickpea native isolates was estimated.
Methods

Isolates Collection
Rhizospheric soil samples were collected from more than 40 sites of the 11 provinces of continental Portugal (Minho, Trás-os-Montes e Alto Douro, Douro Litoral, Beira Litoral, Beira Alta, Beira Baixa, Estremadura, Ribatejo, Alto Alentejo, Baixo Alentejo, and Algarve) and from the Madeira and Azores Islands, covering the entire country (total area of 92,000 km 2 ). Soil samples were collected from fields not used for chickpea cultivation, with the exception of the Elvas-ENMP site, which is an experimental agricultural field.
Chickpea seeds (Chk 3226) were surface-sterilized with calcium hypochlorite 14%, washed with sterile distilled water, and pre-germinated in water-agar. Seeds were sown in sterilized pots containing the soil samples. Plants were maintained in the plant growth chamber under controlled conditions for 8 weeks. Nodules were harvested and isolates were obtained as described by Somasegaran and Hoben [34] . Isolates were re-inoculated, under sterile and controlled conditions, in order to confirm their ability to nodulate chickpea.
Amplification of the 16S rRNA Gene
The 16S rRNA gene was amplified for each isolate using primers Y1 [35] and Y3 [12] , corresponding to positions 20 to 1507 in Escherichia coli. Amplification reaction was carried out as previously reported [12] . Polymerase chain reaction (PCR) products were purified using GFX TM PCR DNA and Gel Band Purification kit (GE Healthcare) or ExoSAP-IT ® T (usb) following the manufacturer's instructions. Two additional internal primers, namely IntF and IntR [12] , were used to obtain double-stranded and nearly complete sequences.
Phylogeny Based on the 16S rRNA Gene Sequence Analysis Nucleotide sequences were analyzed and edited using BioEdit Sequence Alignment Editor (version 7.0.4.1) [36] . Alignments were generated using Clustal W [37] .
The 16S rRNA gene sequences of the isolates were compared to those of the type strains of the following species:
, Rhizobium leguminosarum bv. viciae (U29386), Sinorhizobium medicae (L39882), and Sinorhizobium meliloti (X67222). Azorhizobium caulinodans (X67221) and Bradyrhizobium japonicum (U69638) were included as outgroups.
Molecular Evolutionary Genetics Analysis 4 (version 3.1) software [38] was used to infer the molecular phylogeny by the neighbor-joining method based on a distance matrix with the distance correction calculated by Kimura's twoparameter model, with 1,000 resamplings in the bootstrap analysis.
Plasmid Profiles
Plasmid profiles were analyzed by horizontal agarose gel using a two-comb system that allows the in-well lysis method, as described previously [9] .
Symbiotic Effectiveness
Plant growth chamber trials were performed under controlled conditions in order to evaluate the symbiotic effectiveness (SE) of the isolates [11] . Pre-germinated chickpea seeds, obtained as described before, were sown in sterilized vermiculite and inoculated with a bacterial suspension of each isolate grown in MLA [39] . Uninoculated plants were used as negative control and uninoculated plants supplemented with nitrogen (140 ppm nitrogen as KNO 3 , in the nutrient solution) were used as positive control. Three replicates were used for each treatment. Plants were collected after 8 weeks and several parameters were measured, such as shoot dry weight, root dry weight, number of nodules, and nodules dry weight. Symbiotic effectiveness was estimated according to Gibson [40] , as the ratio between the positive control and each treatment, using shoot dry weight values. The value of the negative control was subtracted from both treatment and positive control values.
Statistical Analysis
Statistical analysis was performed using SPSS 15.0 software (SPSS Inc., Chicago, IL, USA). Relationships between categorical variables were determined using the chi-square test of association. Relationships between a continuous variable and an unordered categorical variable were tested using analysis of variance (one-way ANOVA). Results are presented as the test statistic (χ 2 ), degrees of freedom (df), and probability of equal or greater deviation (P). For samples not satisfying Cochran's criteria (some categories were represented by only one isolate, and more than 20% of the categories were represented by less than five isolates), the exact value of P, the critical probability, was computed rather than the asymptotic P value, which is an approximation reserved for large samples [41] . Correspondence analysis (CA) was used as an explorative method to study associations and to reveal interdependencies between two variables [42] . Visualization using CA is based on representing χ 2 distances among variables.
Results
Isolates Collection
Most of the sampled sites harbored rhizobia able to nodulate chickpea. Nevertheless, no nodules were obtained with the several soil samples collected from Minho province and Azores Islands. A total of 110 chickpea rhizobia isolates, from 23 sites in ten provinces of continental Portugal and Madeira Island, were used for further studies. Soil characteristics of each site are shown in Table 1 .
Phylogeny Based on the 16S rRNA Gene Analysis
GenBank accession numbers for the 16S rRNA gene sequences of all isolates are shown in Table 2 . Analysis of molecular diversity was performed using full-length 16S rRNA gene sequence of a set of 43 rhizobia isolates. A dendrogram was generated by the neighbor-joining method from a 1,357-bp-long alignment (257 variable sites). According to the 16S rRNA gene molecular phylogeny ( Fig. 1 In order to extend the analysis of species diversity, the complete set of 110 Portuguese isolates was used. Taking into account that the complete and the partial 16S rRNA gene sequence analysis, for the set of 43 isolates, generated the same four main clusters (data not shown), the analysis of the total set of 110 isolates was performed using their partial 16S rRNA gene sequence (Table 2) . A dendrogram was generated from a 578-bp-long alignment with 104 variable sites (data not shown). The 110 isolates are comprised in the previously described four main clusters: cluster A (56 isolates), cluster B (32 isolates), cluster C (13 isolates), and cluster D (nine isolates). This analysis revealed that chickpea rhizobia isolates are highly diverse and group with nine Mesorhizobium type strains. No isolate groups with M. chacoense, M. albiziae, or M. thiogangeticum. Figure 2 shows the geographical distribution of isolates by provinces, according to their 16S rRNA gene clusters. In the north of Portugal (Trás-os-Montes e Alto Douro and Douro Litoral), isolates from cluster B prevail; in the center (Beira Alta, Beira Litoral, Beira Baixa, Ribatejo, and Alto Alentejo), most isolates are from cluster A; and in the south (Baixo Alentejo and Algarve), isolates mainly belong to cluster D. All isolates from Madeira belong to cluster A. Moreover, Estremadura is the only province where isolates from cluster C predominate and is the single center province with no isolates from cluster A. Isolates from cluster C are found only in three provinces of the center of Portugal (Estremadura, Ribatejo, and Alto Alentejo).
The geographic distribution of isolates according to their species cluster is not random given that an association was found between species cluster and province of origin of individual isolates (χ 2 =126.382, df=30, P<0.001). The CA biplot (data not shown) revealed the existence of three classes of sites, consistent with the distribution of isolates observed in Fig. 2 . One class, which includes Beira Litoral, Alto Alentejo, and Madeira, is associated with cluster A. A second class, Estremadura, is mainly associated with cluster C. Finally, a class including Trás-os-Montes e Alto Douro, Douro Litoral, Baixo Alentejo, and Algarve is associated with clusters B and D.
Plasmid Profiles
Plasmid profiles were analyzed, and for most chickpea native rhizobia, at least one plasmid was detected (Table 2) . Plasmid number ranges from zero to six, though no isolate with five plasmids was found. For 39% of the isolates, one plasmid was detected. Only in about 9% of the isolates, three or more plasmids were detected. An association was found between plasmid number and province (χ 2 =99.295, df=45, P<0.001). Alto Alentejo is the province with isolates more variable in terms of plasmid number, harboring zero to four plasmids, while isolates from Douro Litoral, Beira Alta, Ribatejo, Algarve, and Madeira show the least variability in plasmid number. There is also an association between plasmid number and species clusters (χ 2 =59.740, df=15, P<0.001). Figure 3 shows the distribution of isolates in 
Symbiotic Effectiveness
Evaluation of SE was performed for all 110 isolates (Table 2) . SE values range from 0% to 100%. SE trials revealed that 40% of the isolates show a SE above 50%. Eleven isolates, which represent about 10% of the total number of isolates, were found to be highly effective in fixing N 2 in symbiosis with chickpea (SE values above 75%); most of these isolates belong to cluster B. The most effective isolates were T-1-Telhado from cluster A and G-55-Guarda from cluster B (SE values of 100% and 88%, respectively). Although isolates closer to M. ciceri/M. loti (cluster B) have the highest mean SE (51%), no correlation was found between SE and species clusters. No correlation was found between SE and plasmid number, contrary to a previous study with a smaller set of isolates from Alentejo provinces [11] .
Discussion
The present study is the first survey of chickpea rhizobia native populations covering the Portuguese territory. One hundred and ten isolates were confirmed as chickpea symbionts and identified as Mesorhizobium sp., forming a monophyletic cluster with all Mesorhizobium type strains in the 16S rRNA gene phylogeny. The four main clusters of the complete 16S rRNA genebased phylogeny (Fig. 1) show that isolates positioning is scattered within the Mesorhizobium genus. Isolates from cluster A, which are more related to M. huakuii and M. amorphae than to any other type strain, are the most abundant chickpea microsymbionts found in Portuguese soils. This was unexpected since the M. huakuii and M. amorphae type strains are unable to nodulate chickpea. M. huakuii was originally isolated from Astragalus sinicus [43] that does not exist in Portugal. M. amorphae was originally isolated from Amorpha fruticosa [50] , a plant unrelated to C. arietinum, which is uncommon and considered invasive in Portugal. However, it is probable that most isolates from cluster A belong to a new species. M. ciceri and M. mediterraneum species groups (clusters B and D, respectively) could be expected to include the majority of native isolates, as these species were described as the specific chickpea microsymbionts [15, 16] . However, only 33% of the isolates grouped with these two type strains. Isolates related to M. amorphae (cluster A), M. loti (cluster B), and M. tianshanense (cluster C) were found, as in previous studies on chickpea rhizobia isolated from Portugal and Spain [12, 20] . The present work screened the entire Portuguese territory, confirmed the high diversity of native rhizobia, and revealed an unexpected high proportion of isolates unrelated to M. ciceri and M. mediterraneum. To our knowledge, there is only one study addressing the diversity of chickpea rhizobia covering an entire country, which was performed in Morocco [44] . Using PCR-RFLP analysis of the 16S rRNA gene, the authors found a lower diversity of chickpea rhizobia than the one revealed by the present study, since most isolates were described as close to M. ciceri, M. loti, and M. mediterraneum. However, four isolates were described as close to Sinorhizobium species. More recently, L'taief and co-workers [45] found isolates only belonging to either M. ciceri or M. mediterraneum. Probably, the low diversity found in Tunisia is related to the history of chickpea cultivation on the sampled sites, as supported by several studies reporting a decrease in rhizobia diversity associated with the presence of the host plant [46] . Accordingly, the high diversity found in Portuguese soils could be explained by the absence of chickpea crop in Portugal [3] and the non-existence of chickpea wild relatives [47] ; furthermore, there are no records of the use of commercial inoculants that could reduce the natural chickpea rhizobia diversity. Interestingly, isolates from the single site where chickpea has been cultivated (Elvas-ENMP) group with M. ciceri or M. mediterraneum.
A previous study on chickpea rhizobia diversity in two Portuguese provinces revealed a group of isolates apart from any type strain, still closer to M. huakuii that could represent a new Mesorhizobium species [12] . Sequence analysis of other housekeeping genes confirmed the separate position of this group of isolates (unpublished results). The present study further supports this putative new species, since 17 new isolates from five different provinces were included into this group. Thus, isolates from cluster A should be further studied in order to investigate their species affiliation.
Considering all isolates, an association was found between the province of origin and species clusters of isolates, suggesting that the geographical distribution is not random and that some species are typically found in a certain region (Fig. 2) . For instance, most isolates found in the center of Portugal belong to cluster A. A higher diversity of isolates species was found in the center-south and south of the country.
A correlation was found between isolates species cluster and origin soil pH (P<0.001), which confirms our previous results obtained with a smaller set of isolates [48] . For example, all isolates assigned to the M. mediterraneum/M. temperatum species cluster D were obtained from the soils with higher pH values. This may indicate that genetic determinants, which allow rhizobia survival in alkaline soil conditions, are species-specific.
Considering the correlation found between species cluster and soil pH, it is likely that pH is a key environmental parameter determining the species geographic distribution. This hypothesis is supported by wider studies addressing soil bacterial communities, which indicate soil pH as the variable that best explains the population diversity and overall community composition [49] . Several studies in rhizobia showed that the pH affects both survival and competitiveness in soil, as well as the nodulation process [1] . The effect of pH in chickpea rhizobia growth has been addressed in our previous studies [8, 48] . These showed a positive correlation between maximum growth pH and origin soil pH, for isolates belonging to the four species clusters (C-1-Coimbra, PT-35-Portalegre, and 64b.-Beja from cluster A; 75-Elvas from cluster B; CR-32-Caldas da Rainha from cluster C; 29-Beja from cluster D) [48] . In addition, using three isolates, a higher symbiotic effectiveness was achieved using watering solution at a pH value closest to the bacterial maximum growth pH [48] . Altogether these studies suggest that pH is a key environmental factor for rhizobia population composition, acting on bacteria, both free-living and in symbiosis.
In each 16S rRNA gene-based cluster, isolates with high and low symbiotic effectiveness were found. A large set of isolates with very high SE values (above 75%) are good candidates for field inoculation. Many of these isolates are from the M. ciceri cluster (B). Interestingly, the most effective isolate (T-1-Telhado) is closer to M. huakuii (cluster A), which is not a chickpea microsymbiont. About 70% of the isolates from cluster B present a SE value above the corresponding type strain M. ciceri, which showed a SE of 41%, estimated in a previous study [21] . In the M. mediterraneum/M. temperatum cluster (D), 56% of the isolates showed a SE above 39%, which is the value described for the type strain of M. mediterraneum [21] .
The plasmid number of rhizobia isolates was found to be associated with species cluster, suggesting that this feature might be species constrained. In most isolates from cluster A, one plasmid was detected, similar to M. amorphae [50] . In cluster D, both isolates and M. mediterraneum [13] showed more than one plasmid. All cluster C isolates, except for two, lack plasmids, similar to M. tianshanense [51] . Isolates from cluster B seem to be more diverse in plasmid number, including isolates with zero, one, and two plasmids. The type strain of M. ciceri (cluster B) harbors one plasmid [13] .
Contrary to previous studies, which suggested that most rhizobia-nodulating chickpea are M. ciceri and M. mediterraneum, this wider survey shows a predominance of other species. The obtained collection of isolates, highly diverse in terms of species, as well as SE, provides an important source of rhizobia strains to be used, namely as potential inoculants. The present study is the first systematic assessment of C. arietinum microsymbionts in Portugal and contributes to clarify the biogeography of chickpea rhizobia, providing a global picture of how species are distributed across the country.
